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Sequence Alignment Overview.

The SSAHA Algorithm.

The SSAHA2 Package - installation from download.
SSAHAZ2 options.

Running large jobs.

ssaha2Server.

TraceSearch.

QUESTIONS.

cross_genome - Aligning whole genomes.
ssahaEST - handling splice sites correctly.
ssahaSNP - detecting SNPs and short indels.
ssahaSV - detecting structural variations.
QUESTIONS.
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We want to compare two sequences, which we refer to as the query () and subject S.
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The query is usually a short sequence such as a wgs read, primer or EST.
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The subject is usually a long sequence such as a finished genome or a database of short

seqguences.
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. Mol. Biol. (1981), 147, 190-197

Identification of Common Molecular Subsequences

The wentification of maximally homologous subsequences among sets of long
sequences is an important problem in molocular scquence analynis. The problem is
straightforward only if one restricta consideration to contiguous subsequences
(segments]} containing no internal deletions or insertions, The more geweral problem
haa ita solution in an extension of sequence metrica (Sellers 1974 ; Waterman of al.,
1976} developed to measure the minimum number of “events™ required to convert
one seguence into another.

Thess developments in the modern sequence analysis began with the heoristic
homelogy algorithm of Needleman & Wunsch (1970) which first introduced an
iterative matrix method of caloalation. Numerous other heurtatic algorithms have
been suggested ineluding those of Fitch {1966) and DayholT (1980), More mathemat-
ieally rigorous algorithms were suggested by Bankoff (1072), Reichert o al. (1973)
and Bayer af al, (1970), but these were generally not biologically satisfying or
interprotibile, Buocoss onme with Sellom (1974} development of & true metrie messe
of the distance botween soguences, Thin metric was Inter generalized by Waterman
el al, (1978) to include deletionsfinsertions of arbiteary length, This metric
represents the minimum number of “mutational events” required to convert one
sequence into ansther, It is of interest to note that Smith ef al, (1980} have recently
shown that under some conditions the genoralized Sellers metric is squivalent Lo the
original homology algorithm of Neadleman & Wunsch {1970).

Tn this better we rxtend the abnwve ideas to find & pair of ssgmenta, ong from eack of
two long sequences, sach that there is no other pair of segments with greater
aimilarity (homology). The similarity measure used here allows for arbitrary length
deletions and insertions.

Algorithm
The two molecular sequences will be A=say ... 6, and B=lbb, . b, A
similarity #{s,.b) is given betwesn sequence elements a and b, Deletions of length &
wre glven welghi W, To find palrs of segments with high degrees of slmilariiy, we set
up o matrix M. Plest sot

Ho=Hoy=0for 0sk=<n and 0515 m,

Preliminary values of /f have the interpretation that M is the maximum similarity
of twa segments ending in i, and by, respectively. These values are obtained from the
relationship

Hy=mnx{H_ - +aloob,) max (#,_y,— Wb max (0, = WL ()
l<isnand 1 Sj=<m,

O - TP 15k 2 D00 1S Acsdemic Prese Ine, {Lendion) Lidd.
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Given two sequences () and S, with

Q] =nand|S|=m
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Given two sequences () and S, with

. Mol. Biol. (1981), 147, 190-197

|| = n and |S| = m, construct the

Identification of Common Molecular Subsequences n X m matrix M = [Mi,j]

The wentification of maximally homologous subsequences among sets of long
sequences is an important problem in molocular scquence analynis. The problem is
straightforward only if one restricta consideration to contiguous subsequences
(segments]} containing no internal deletions or insertions, The more geweral problem
haa ita solution in an extension of sequence metrica (Sellers 1974 ; Waterman of al.,
1976} developed to measure the minimum number of “events™ required to convert
one seguence into another.

Thess developments in the modern sequence analysis began with the heoristic
homelogy algorithm of Needleman & Wunsch (1970) which first introduced an
iterative matrix method of caloalation. Numerous other heurtatic algorithms have
been suggested ineluding those of Fitch {1966) and DayholT (1980), More mathemat-
ieally rigorous algorithms were suggested by Bankoff (1072), Reichert o al. (1973)
and Bayer af al, (1970), but these were generally not biologically satisfying or
interprotibile, Buocoss onme with Sellom (1974} development of & true metrie messe
af the distance botween soquences. This metric was later generalized by Watorman
el al, (1978) to include deletionsfinsertions of arbiteary length, This metric
represents the minimum number of “mutational events” required to convert one
sequence into ansther, It is of interest to note that Smith ef al, (1980} have recently
shown that under some conditions the genoralized Sellers metric is squivalent Lo the
original homology algorithm of Neadleman & Wunsch {1970).

Tn this better we rxtend the abnwve ideas to find & pair of ssgmenta, ong from eack of
two long sequences, sach that there is no other pair of segments with greater
aimilarity (homology). The similarity measure used here allows for arbitrary length
deletions and insertions.

Algorithm
The two molecular sequences will be A=aag ... 6, and B=bb, . b, A
similarity #{s,.b) is given betwesn sequence elements a and b, Deletions of length &
wre glven welghi W, To find palrs of segments with high degrees of slmilariiy, we set
up o matrix M, Flrak sot

Ho=Hg=0for 0sksan and 0sl<sm,

Preliminary values of /f have the interpretation that M is the maximum similarity
of twa segments ending in i, and by, respectively. These values are obtained from the
relationship

Hy=mnx{H_ - +aloob,) max (#,_y,— Wb max (0, = WL ()
l<isnand 1 Sj=<m,

O - TP 15k 2 D00 1S Acsdemic Prese Ine, {Lendion) Lidd.

kY sanger

institute

Adam Spargo aws@sanger.ac.uk



Given two sequences () and S, with

. Mol. Biol. (1981), 147, 190-197

|| = n and |S| = m, construct the
Hdeatification of Common Molecular Subsequences n X m matrix M = [M; ;| such that

The wentification of maximally homologous subsequences among sets of long

sequences is an important problem in molocular scquence analynis. The problem is .
straightforward only if one restricta consideration to contiguous subsequences

(segments]} containing no internal deletions or insertions, The more geweral problem O
haa ita solution in an extension of sequence metrica (Sellers 1974 ; Waterman of al., )
L976) developed to mnu;fm the minimum number of “events”™ required to convert
one seguence into another.

Thess: developments in the modern sequence analysis began with the heoristic /\4 . _|_ 5(@ S)
homelogy algorithm of Meedleman & Wunsch (1970) which first introduced an 1—1,]—1 1y M1 )
iterative matrix method of calodlation. Numerous other heuristic algorithms have { \/i -~ — MaXx <
been suggested including those of Fitch {1986) and Dayhoff (1989), More mathemat- 1,]
ieally rigorous algorithms were suggested by Bankoff (1072), Reichert o al. (1973) {\{Z .. I d
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interprotibile, Buocoss onme with Sellom (1974} development of & true metrie messe
af the distance botween soquences. This metric was later generalized by Watorman
el al, (1978) to include deletionsfinsertions of arbiteary length, This metric /\4 . R d
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sequence into ansther, It is of interest to note that Smith ef al, (1980} have recently
shown that under some conditions the genoralized Sellers metric is squivalent Lo the
o al homao algorithm of Needleman & Wunsch (1970). ° °
T hin kb s et the b ean 4 il pmbr of sagrennts, g from sach f where ¢ runs from 1 to n, J runs from 1 to
two long sequences, sach that there is no other pair of segments with greater
aimilarity (homology). The similarity measure used here allows for arbitrary length

it and st m, §(., .) is a scoring function and d is the

Algorithm gap-penalty.
The two molecular sequences will be A=aag ... 6, and B=bb, . b, A
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relationship
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of bwo sogmenta ending in &, aid by, reapestively. Thess valucs are obtained from the M
relationship O ,j

Hy=mnx{H_ - +aloob,) max (#,_y,— Wb max (0, = WL ()
l<isnand 1 Sj=<m,

O - TP 15k 2 D00 1S Acsdemic Prese Ine, {Lendion) Lidd.

kY sanger

institute

Adam Spargo aws@sanger.ac.uk




The optimal alignment between () and S
ends at (0, S, for u, v such that M, ,, is
the largest element of IM. This alignment is

said to have score M, ,.
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The optimal alignment between () and S
ends at (0, S, for u, v such that M, ,, is
the largest element of IM. This alignment is

said to have score M, ,.

Therefore to know the score of the optimal
alignment between two sequences for given
(., .) and d, we simply need to fill in the
matrix IVI and keep a record of the

maximum entry as we go.
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The optimal alignment between () and .S Example:

U vf ’ h U'UI
ends at Q, Sy for u, v such that My, is O = AACATTTGGTGATTG

S = TGATTTGAGATTGATGC

the largest element of IM. This alignment is

said to have score M, ,.

1 T =1
| 0(w,y) =
Therefore to know the score of the optimal —2 xH#y
alignment between two sequences for given d = 1
(., .) and d, we simply need to fill in the
matrix IVI and keep a record of the
maximum entry as we go.
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Filling in the first row we have

( )
0,
Moo+ 6(A,T),
Mi1 = max < 00+ ) 0
M o —d,
\ Mo, —d J
r 0. \
0-2,
= max < >
0—1,
\ 0—1 J
= max {0,—2,—1,—1}
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Filling in the first row we have similarly
( O’ ) / 07 \
MO,O =+ 5(A7 T)7 M - 27
M;1 = max J ¢ Mis = max A O >
Ml,O - da Ml,l — 1,
\MO,l_d ) \MO’Q—l )
(0, ) = max {0,-2,—1, -1}
0—2, = 0.
= max < >
0—1,
\ 0—1 J
= max {0,—2,—1,—1}
= 0.

kY sanger

institute

Adam Spargo aws@sanger.ac.uk



and

max <«

\

0. w
Moo+ 1, >
My o —1,

Mos—1 |

max {0,1,—1,—1}

1.
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and and so on
(0, ’ Nrlelalr|T|T
My o+ 1,
Mis — max ) o2 . |Afofoj1]o]o]o0
My o —1, A
\ Moz —1 y
= max {0,1,—1,—1}
= 1.
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Sequence Alignment: Smith-Waterman.

Proceeding row by row the full matrix looks like this

Qllolo|—|o — O || o | <
Ollolojlo|o A [0 | [© o
SR =N === O [ O D= [©
< ||~ [— || — [N |© o [<H
Ollojlojlo|o AN o[ [ (o
Nllo|lo|o|o AN < [N AN < [©
Nllo|lo|o|o ™M o [ |en o <
T ||~ |~ | | <t [0 | [<H |0 [N
Ollolo|lo|o O [<H [ [ [~ |~
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Nllo|lo|o|o N |~ O[O || <
Nllo|lo|o|o Ol— ||~ ™Mo
Nllo|lo|o|o O || < D
< ||~ |~ ||~ O|lo|~H MmN |O
Ollolojlo|o — ol |— oo
Nllo|lo|lo|o olHloc|lo|H |~
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Sequence Alignment: Smith-Waterman.

Trace back to find the alignments

Qllo — - et a1 oD ©
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subject

query

subject

query

subject

query

subject

query

subject

query

subject

query

ATTT_G_AGATTG 13

LEET=1==11T11
ATTTGGT_GATTG 15

ATTTGA_GATTG 13

LEEETa=1TT T
ATTTGGTGATTG 15

ATTT_GA_GATTG 13

LEET=1==11T11
ATTTGG_TGATTG 15

ATTTGAGATTGAT 15
LETEE=1=1=111
ATTTG_G_T_GAT 13

ATTTGAGATTGAT_G 16
LEEEE=1=1=111-1
ATTTG_G_T_GATTG 15

ATTTGAGATTGA_TG 16
LETEE=1=1=11=11
ATTTG_G_T_GATTG 15

subject 3
query 4
subject 3
query 4
subject 3
query 4
subject 3
query 4
subject 3
query 4
subject 3

query 4

ATTTG__AGATTG 13

LETET 1T
ATTTGGT_GATTG 15

ATTTGA__GATTG 13

LT ===11111
ATTTG_GTGATTG 15

ATTTGAG__ATTG 13

LETET=1==1111
ATTTG_GTGATTG 15

ATTTGAGATTCAT 15

LT =1==1111
ATTTG_G__TGAT 13

ATTTGAGATTGAT_G 16

LETT=1==1T11-1
ATTTG_G__TGATTG 15

ATTTGAGATTGA_TG 16

LEEET=1==111-11
ATTTG_G__TGATTG 15
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[1 Always finds optimal alignment(s).
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[1 Always finds optimal alignment(s).

[] Finds IV -best alignments.
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[1 Always finds optimal alignment(s).
[] Finds IV -best alignments.

[] Easy to code.
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[1 Always finds optimal alignment(s). [] O(nz) space.
[] Finds IV -best alignments.

[] Easy to code.
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[1 Always finds optimal alignment(s). [] O(nz) space.

[\

[] Finds IV -best alignments. 0 O(n?) time.

[] Easy to code.
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Sequence Alignment: Smith-Waterman.

High scoring alignments are all located along diagonals.
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Improved tools for biological sequence comparison

(st acid / omclelc mcid / dita base searches /local similarity}
WiLLiam R. PEaRSON® AND Davip 1. Lipman®

"Departmen of Biochemistry, University of Yirginis, Charlotiesville, VA 72908; sad 'barbemsteal Rescanch Brasch, National Instituls of Diabetes and
[Hseases. Mational 2087

Digestive and Kidney

Insiitwics of Healih, Beihesda, MO

Communicated by Gerald M. Rubin, December 2, 1987 {recelved for review Seprember I7, 1987)

FASTP and FASTA achicve much of their speed and selec-
tivity in the first siep, by using a lookup table to locate all
identities or groups of identitics between two DINA or amino
acid sequences during the first step of the comparison (2).
The kivp parameler determines how many consecutive iden-
tities are required in a match. For example, if krup = 4 fora
Wﬁmmmvmmmmam
in 2 run of four ar In the
first step, the 10 best dnmm] regions are found wsing a
simple formula based on the number of ktup matches and the

w:hvnhmdwﬂmmfwﬂuudyuufpmuh

and DNA sequence similarity thai achiewe a balance of

sensitivity and selectivity on the one hand and speed and
memory requirements on the other.

Three years ago, we
dmrhd the FASTP program aming acid
qumdnbuu(ll.whchmtupdmmr
ﬁndmmmbﬂmlwmﬂm ::wl-nia
the by

). In this paper we describe a new version
of FASTP, FASTA, which uses an i m that

between the matches without
runs of identithes, conservative repd insertions., of
deletions (1, 3).

In the second step of the comparison, we rescore these 10
regions using a scoring matrix that allows conservative

based on the mini numiber of

“*imitial region"; the best initial regions from Fig. 14 are
shown in Fig. 18.

FASTP program uses single best scoring i

1o character + the initial scares

DNA orlam acid uqu'ems. programs run on lb'.“.' Joquences m;'r‘fdam ‘Wuﬁ:‘wm

common mher as well a5 on IafBEr 5y Lo Senith and Waterman (). This final comparison

all alignments of the query and library

sequence that fall within a band centered around the highest

METHODS scoring initial region (Fig. L0¥). With the FASTP program,

o y it bisits ga s s st hr"’ o 2 or 3 Betause FASTA
four e | wi el mmm ltwts or

sieps in lﬂmlnhgamm ntpl.u» se similarity. Pl 'y ] el
=y ES— datraped in party vlimlhlmduﬁumﬂlbfwm the initial score is
paryment. This article must therefore be hereby marked

in sccordance with 18 UL5.C, BITM sclely 10 indicate thiv fact,

Abbrevision: NBRF. Mational Biomedical Research Foundation.

k=5

LITIGIA[T]TIT][G[AICG[A|T[T|CG[A[T[C[C]

A * * * *

A * * * *

C *
A * * * *

T || * * *

T || * * *

T || * * *

G * *
G * *
T * * * * * * %

G

A

T

T

G

[ [TICIA[T[T[TIGClA[C[A[T[T[C[A[T][C]C]
All=«]=]0]J0l0]O|O]O|O|lO|O|JO]O|O]|]O|O]|O
Al = |+ 0ojojojojojojojojojo]jOoj0O]jO]|oO
C|l = | * «{0l0O|O|lO|O|O]OJOJO]O]O|O]O
Al = | * «=10]0lO0O|0O]O]OJOJO]O]O|O]O
T * | # x=|=]0[0|0]0]O]OJO]O]O|O]O
T O | | = | * «=]0]0l0OlO|JO]O|O|O]O]O
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[] Look for at least two k-mer words on

same diagonal.
[1 Extend with ungapped alignment.

[1 Join into gapped alignment.
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kmer 1
ng = |query| —k +1 p—
ns = |subject|/k

kmer n,

Split the subject into non-overlapping k-mers. Process the query in overlapping k-mers.
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The algorithm constructs a hashtable consisting of a head and a body. The head contains
one integer for every possible k-mer over the alphabet; 4F for DNA. The body contains one
integer for every whole k-mer in the subject sequence or database; with £ = 12 and 4 byte

integers, the body size is one third the number of bases in the subject.
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The basis of the algorithm is a 2-bit encoding a?*%"¥ for each base « of the DNA

sequence
(00 ifa= A
binar 01 ifa=C"
Q Y=<
10 ifa=G;
\ 11 ifa="T.

An integer k is then constructed for each k-mer by taking the decimal representation of the
binary number k%Y optained by concatenating the 2-bit codes oz,l;mary for each base
«; of the k-mer in turn

k
binary  __ binary (k—1)
K — g Q, - (100)5
=1
k= decimal(k2"Y),

The value of k for each k-mer is straight forward to construct in practice using bit-shift

operations on an integer
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[1 Notice that DNA has an alphabet of only

4 characters.

[1 Can encode each base in two binary

digits.

[1 Construct an integer for each k-mer

word in the sequence:

ATCTTGATTCAG
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[1 Notice that DNA has an alphabet of only

4 characters.

[1 Can encode each base in two binary

digits.

[1 Construct an integer for each k-mer

word in the sequence:

ATCTTGATTCAT

00
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[1 Notice that DNA has an alphabet of only

4 characters.

[1 Can encode each base in two binary

digits.

[1 Construct an integer for each k-mer

word in the sequence:

ATCTTGATTCAT

00
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[1 Notice that DNA has an alphabet of only

4 characters.

[1 Can encode each base in two binary

digits.

[1 Construct an integer for each k-mer

word in the sequence:

ATCTTGATTCAT

o fla
[N N}
[N }e]
= =]
i I
=l k=]

00 | 11
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[1 Notice that DNA has an alphabet of only

4 characters.

[1 Can encode each base in two binary

digits.

[1 Construct an integer for each k-mer

word in the sequence:

ATCTTGATTCAT

o fla
[N N}
[N }e]
= =]
i I
=l k=]

00 | 11
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[1 Notice that DNA has an alphabet of only

4 characters.

[1 Can encode each base in two binary

digits.

[1 Construct an integer for each k-mer

word in the sequence:

ATCTTGATTCAT

o fla
[N N}
[N }e]
= =]
i I
=l k=]

00 | 11 | 01
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[1 Notice that DNA has an alphabet of only

4 characters.

[1 Can encode each base in two binary

digits.

[1 Construct an integer for each k-mer

word in the sequence:

ATCTTGATTCAT

o fla
[N N}
[N }e]
= =]
i I
=l k=]

00 | 11 | 01
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[1 Notice that DNA has an alphabet of only

4 characters.

[1 Can encode each base in two binary

digits.

[1 Construct an integer for each k-mer

word in the sequence:

ATCTTGATTCAT

00O | 11 | 01 | 11
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[1 Notice that DNA has an alphabet of only

4 characters.

[1 Can encode each base in two binary

digits.

[1 Construct an integer for each k-mer

word in the sequence:

ATCTTGATTCAT

00O | 11 | 01 | 11
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[1 Notice that DNA has an alphabet of only

4 characters.

[1 Can encode each base in two binary

digits.

[1 Construct an integer for each k-mer

word in the sequence:

ATCTTGATTCAT

OO | 11 | 01 | 11 | 11
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[1 Notice that DNA has an alphabet of only

4 characters.

[1 Can encode each base in two binary

digits.

[1 Construct an integer for each k-mer

word in the sequence:

ATCTTGATTCAT

OO | 11 |01 | 11 | 11
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[1 Notice that DNA has an alphabet of only

4 characters.

[1 Can encode each base in two binary

digits.

[1 Construct an integer for each k-mer

word in the sequence:

ATCTTGATTCAT

OO | 112 { 01 | 11 | 11 | 10
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[1 Notice that DNA has an alphabet of only

4 characters.

[1 Can encode each base in two binary

digits.

[1 Construct an integer for each k-mer

word in the sequence:

ATCTTGATTCAT

OO |11 | 01 | 11 | 11 | 10
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[1 Notice that DNA has an alphabet of only

4 characters.

[1 Can encode each base in two binary

digits.

[1 Construct an integer for each k-mer

word in the sequence:

ATCTTGATTCAT

oo {11 {01 | 11| 11 | 10 | OO
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[1 Notice that DNA has an alphabet of only

4 characters.

[1 Can encode each base in two binary

digits.

[1 Construct an integer for each k-mer

word in the sequence:

ATCTTGATTCAT

oo |11 | 01 | 11 | 11 | 10 | OO
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[1 Notice that DNA has an alphabet of only

4 characters.

[1 Can encode each base in two binary

digits.

[1 Construct an integer for each k-mer

word in the sequence:

ATCTTGATTCAT

o011 101 |11 (11 |10 | OO | 11
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[1 Notice that DNA has an alphabet of only

4 characters.

[1 Can encode each base in two binary

digits.

[1 Construct an integer for each k-mer

word in the sequence:

ATCTTGATTCAT

o011 1 01 |11 (11 | 10 | OO | 11
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[1 Notice that DNA has an alphabet of only

4 characters.

[1 Can encode each base in two binary

digits.

[1 Construct an integer for each k-mer

word in the sequence:

ATCTTGATTCAT

oo |11 4 01 |11 |11 |10 | 00 | 11 | 11
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[1 Notice that DNA has an alphabet of only

4 characters.

[1 Can encode each base in two binary

digits.

[1 Construct an integer for each k-mer

word in the sequence:

ATCTTGATTCAT

oo |11 1 01 |11 {11 | 10 | OO | 11 | 11
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[1 Notice that DNA has an alphabet of only

4 characters.

[1 Can encode each base in two binary

digits.

[1 Construct an integer for each k-mer

word in the sequence:

ATCTTGATTCAT

oo 11 {01 |11 |11 | 10 | OO | 11 | 11 | O1
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[1 Notice that DNA has an alphabet of only

4 characters.

[1 Can encode each base in two binary

digits.

[1 Construct an integer for each k-mer

word in the sequence:

ATCTTGATTCAT

oo 11 (01 |11 |11 |10 | OO | 11 | 11 | O1
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[1 Notice that DNA has an alphabet of only

4 characters.

[1 Can encode each base in two binary

digits.

[1 Construct an integer for each k-mer

word in the sequence:

ATCTTGATTCAT

{1101 12|11 |10 | OO | 11|11 | 01 | OO

kY sanger

institute

Adam Spargo aws@sanger.ac.uk



[1 Notice that DNA has an alphabet of only

4 characters.

[1 Can encode each base in two binary

digits.

[1 Construct an integer for each k-mer

word in the sequence:

ATCTTGATTCAT

co {11 (01|11 |11 |10 | OO | 11 | 11 | O1 | OO
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[1 Notice that DNA has an alphabet of only

4 characters.

[1 Can encode each base in two binary

digits.

[1 Construct an integer for each k-mer

word in the sequence:

ATCTTGATTCAT

oo 11 01|12 |12 10 | OO |11 |11 |01 | OO | 11
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[1 Notice that DNA has an alphabet of only

4 characters.

[1 Can encode each base in two binary

digits.

[1 Construct an integer for each k-mer

word in the sequence:

ATCTTGATTCAT

= 3662302

co 11,0112 |12 10 |00 |11 |11 |01 | 00 | 11
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hit Qo hit Qn

hit Qg hit @, |

hit Qz = hit Si; Vi
d([hlt Si—l — hit Qz‘_l], [h’Lt Sl — hit Qz]) S SHIFT; 1= 1, 1N

n>SEEDS
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Download from:

http://www.sanger.ac.uk/Software/analysis/SSAHA2/
then:

$ gunzip ssaha2 1 0 1 b.mac.tar.gz
$ tar -xf ssaha2 1 0 1 b.mac.tar

$ mv ssaha2 “/bin/

$ ssaha2 -h
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deskpro272[aws]42: ./ssaha2 -h

Copyright (C) 2003-2004 The Wellcome Trust Sanger Institute, Cambridge, UK.
A1l Rights Reserved.

SSAHA2 is a package combining SSAHA with cross_match developed
by Phil Green at the University of Washington.

Reference: Ning Z, Cox AJ, Mullikin JC.
SSAHA: a fast search method for large DNAdatabases.
Genome Res. 2001 Oct;11(10):1725-9.

USAGE

ssaha2 <query> <subject> <-kmer 12> <-seeds 5> <-skip 12> <-cut 10000>
<-align 0> <-score 30> <-depth 50> <-memory 200>
<-array 4> <-edge 100> <-output ssaha2> <-tags 0>
<-sense 0> <-start 0> <-end 0> <-identity 50.0>
<-best 0> <-stat 0> [<-save hash> <-use hash>]
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[1 Divide and conquer.

/ wellcome trust
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[1 Divide and conquer.

[1 Divide query sequences among available CPUs.
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[1 Divide and conquer.
[1 Divide query sequences among available CPUs.

[1 #jobs ¢ #CPUs.
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[1 Divide and conquer.
[1 Divide query sequences among available CPUs.
[1 #jobs ¢ #CPUs.

[1 #jobs s.t. search time ¢,¢, hash time.

kY sanger

institute

Adam Spargo aws@sanger.ac.uk



bsub -R ’select[mem>10000] rusage[mem=10000]"
-q hugemem -m turing -e myjob.error.%J -o myjob.out.%J
./ssaha2 /not_nfs/query.fa /somewhere_considerate/chr_21.fna
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sh-2.05b$ ssaha2 query.fa subject.fa \
> /tmp/my_sh_job.out \
2> [tmp/my_sh_job.err &

[1] 373

sh-2.05b$%

[mpb17391:"] aws% (ssaha2 query.fa subject.fa \
> /tmp/my_csh_job.out) \
>& /tmp/my_csh_job.err &

[1] 384

[mpb17391:"] aws%
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[mpb17391."] aws% ssaha2 query.fa subject.fa -tags 1

Score Q_Name S Name Q_Start
S Start S _End Direction #Bases identity
ALIGNMENT 604 mi1lB-all42a01.qlcz mll1B-al142a0l.glcz
613 1 613 F 613 99.51 613
Finished job

[mpb17391:"] aws% ssaha2 query.fa subject.fa \
-tags 1 -best 1 | \
grep ALIGNMENT | \
awk {print $3, $2}

mi1lB-all42a0l.qlcz 604

[mpb17391:"] aws%

Y sanger
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Example:

[1 You want to align 40 million reads against the human genomes.
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Example:
[1 You want to align 40 million reads against the human genomes.

[] You have 12 CPUs available.
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Example:
[1 You want to align 40 million reads against the human genomes.
[1 You have 12 CPUs available.

[1 SSAHA2 will align ~200,000 reads per CPU per day.
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Example:

[1 You want to align 40 million reads against the human genomes.
[] You have 12 CPUs available.

[1 SSAHA2 will align ~200,000 reads per CPU per day.

[1 Allowing 2,400,000 per day.
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Example:

[1 You want to align 40 million reads against the human genomes.
You have 12 CPUs available.

SSAHA2 will align ~200,000 reads per CPU per day.

Allowing 2,400,000 per day.

N I A N B I

Done in two weeks.
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Download from:

http://www.sanger.ac.uk/Software/analysis/SSAHA2/
then:

$ gunzip ssaha2Srv_1 0 1 c.mac.tar.gz
$ tar -xf ssaha2Srv_1 0 1 c.mac.tar.gz
$ mv ssahax* “/bin/

$ ssaha2Server -h
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Halalia) ssahaEST Home Page =]
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: | Information Projects: | Other Services
0110001000106100
eIy SsahaEST Home Page
Axran1n10101L0 ssahaEST s a software tool for very fast matching and alignment of ESTs/cDNAS to genomic DNA sequences. It uses the same core algorithms as ssahaZ for sequence matching and contains
implementation of Smith-Waterman sequence alignment code from cross_match developed by Phil Green at the University of Washington. Hits produced by the alignment algorithm are clustered into

Production s/w i potential transcripts and coordinates of exons are adjusted using several splice site models to produce spliced alignments.
Mapping s/w =iz Availability
Analysis 5/w -
¥ ! — Precompiled binaries for Compag Alpha, Linux-64, Linux-32 and Mac are available for download on the left.
Formatpecs =S| Foran academiclicence please send us an email. We will provide limited support for academic users, please try to provide enough information for us o recreate any problems you may have. We would be
Perl Modules -

happy lo consider any suggestions for new features. If you require binaries for another plaform, we will build them If we have one. If you use ssahaEST to accomplish any sclentific work please ciie this web
ssahaEST Download Hane.
Alpha | Usage instructions are obatained from the binary with a “h' option.

Contact Details

® Adam Spargo. First point of contact for problem reports, comments etc.
® Nikolai Ilvanov. Issues specific fo EST alignment

deskpro272[aws]68: 1s
chr_10_89612000_89722000.fna MTX
HUMAN_PTEN. fna README

HUMAN_PTEN.fna_chr_10_89612000_89722000.fna.ssahaEST ssahaEST
deskpro272[aws]69: ./ssahaEST HUMAN_PTEN.fna chr_10_89612000_89722000.fna
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I s Sy es
e ey SsahaSNP Home Page

LG GELOEEEE T E R LR

Softwars ssahaSNP Is a polymorphism detection tool. It detects homozygous SNPs and indels by aligning shotgun reads fo the finished genome sequence. Highly repetitive elements are filtered out by ignoring
4| those kmer words with high occurrence numbers. For those less repetitive or non-repetitive reads, we place them uniguely on the reference genome sequence and find the best alignment according to

Production s/w j ¢| the pair-wise alignment score if there are multiple seeded regions. From the best alignment, SNP candidates are screened, taking into account the quality value of the bases with variation as well as the
.-ll‘g.' gugl_lqyglygs in the _nelghbcurlrjg bases, using ngig['l bourhood quallln_r standard {NQ%]. Forinse rllong}delalions, we qheck ifthe same !ndel is mapped by more than one read, eng.urlr}q the detected

|

Matches For Query O (592 bases): 20SNP45079-1010a03.plc

Score Q_Name S_Name Q_Start Q_End S_Start S_End Direction #Bases identity
514  20SNP45079-1010a03.plc 20.1-62435964 32 592 28177108 28177668 F 561 98.40 592
ProcessSNP_start 20SNP45079-1010a03.plc

snp_start 20.1-62435964_28177358

ssaha:SNP 20.1-62435964 0 20SNP45079-1010a03.plc A G 40 40 28177357 280 1 28177108 28177668 0 62435964
alignment name

alignment 20SNP45079-1010a03.plc AACAACCCAAATGTTCACCAGTAGATGAACGGATAAACAAA

alignment 20.1-62435964 AACAACCCAAATGTTCACCAATAGATGAACGGATAAACAAA

snp_end 20SNP45079-1010a03.plc_28177358

ProcessSNP_end 20SNP45079-1010a03.plc

ProcessIndel_start 20SNP45079-1010a03.plc 0 5

ssaha:indel 20SNP45079-1010a03.plc 20.1-62435964 0 28177608 500 1 1 N - 28177108 28177668 0 62435964 40 A 40 N 40 G 40 G
alignment name |

alignment 20SNP45079-1010a03.plc AGAAGGAATATGGGGGGATAGGGGAGGTGATANCTAAAAGT

alignment 20.1-62435964 AGAAGGAATATGGGGGGATA-GGGAGGTGATAGCTAAAGGT

ProcessIndel_end 20SNP45079-1010a03.plc
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TraceSearch - Google for the genome
Sanger Institute's 100-fold faster DNA search engine

<

=

Press Ral ‘%
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s

Travel Di =
x

The Well Trust Sanger Institute launches today a search engine that speeds up the hunt for important DNA sequences more than
100-fold. Just as important, the engine scans all known sequence data from all avallable organisms, saving time for researchers, who, until the
release of TraceSearch, had to inspect each organismin turn.

When studying genes, biomedical researchers often need to find related sequences in the public databases because those might hold clues to
the function of the gene, or might identify a critical variant involved in disease. [T the sequences are not complete, which is true for most large
genomes, the key o finding the parts notin the assembled sequence is to search the original data - the sequence traces’. The new engine
makes that comparison much more efficlent (hitp:race ensembl.orglegi-binftracesearch).

Until the development of the new search system, the only option was to query sequences from one species at a time: those queries were

placed in a queue and the results returned after 10 minutes or longer. The new search system searches all species and works ‘live’, returning
results in just 3-5 seconds.

“The TraceSearch achieves its speed by indexing the DNA sequences, rather than performing a for aif in the
database. we only ever urc ﬁ'aafmr the very bcxrmts from the index, " explained Dr Adam Spargo, senior develoner of TraceSearch. “Classical methods

of DNA alf rely on thh which slow down dramatically as the size of the datab . Even tional indexing
meﬂ'x)d‘spmd‘uc&amassﬁ.‘ahd&xwhmhh&s]abenccasssdﬁnmah&rﬂdsk T

“We use the SSAHA aigorithm, which exploits the fact that DNA has an aiphabet of only four lstters, to construct @ small index which fits into the RAM of the 420 430
computor, As the database grows the time to do an index Jook-up remains short and we only ever perform a fow alignments,” GAT TCAGGAGCCT G 4
: However, even using the SSAHA method the Index is large - currently 300 Gigabytes - and the team .
(14 This Is an exciting project. Thenew  made the decision to distribute [t over a cluster of Linux machines, offering an inherently scalable and

ETra;l:esoaan:h - Google for the genome - Sanger Institute's

search anaha is mf)usi an economical solution, The hashtable is hosted on 30 IBM LS20 biades. . 100-fold faster DNA search engine ]
of the earlier wm This marks a transition from dynamic programming-based algorithms that run on a single large machine to a distributed index approach that runs on a cluster of
Dr Zemin Ning 29 commaodity machines, with the final alignment phase being akin to the PageRank phase in Google, ordering the hits depending on relevance to query.

“The systam not only finds absolute matches, but finds related matches,” continued Dr Spargo. “Variation in DNA sequence is vital in disease studies and we nesded to buid in the
abilty to find all sequences related to the query sequence.”

This remarkable performance is bullt on the Sanger Institute Trace Archive, a repository of almost one trillion DNA bases. Printed on A4 paper, there would be 133 million sheets, covering the City of
London three times; a single stack of paper would be 2.5 times the height of Mount Everest TraceSearch, however, would find any piece of DNA text in a few seconds. The Sanger Institute Trace Archive
collaborates with the NCBI Trace Archive 1o act as a global repository for all unassembled DMA sequence data. The Trace Archives complement the International Sequence Databases
EMBL/Genbank/DDBJ which are the repository for assembled and annotated sequence records.

"Speed and cross-spocies search are the two flashing points for TraceSearch,” explained Dr Zemin Ning, the project leader who Is responsible for the development team at the Institute. "We had previously buit
SSAHA singie hashtables for trace search before, but we knew we would need dramalic improvements if we were to cope with growing sequence data and demands of researchers for rapid access to sequence from all
species.”

"This is an exciting project. The new search enging is not just an improvemant, but & dramatic reinvention of the earlier engine. The alignment qualty has been significantly mpr d without a in match speed, given
the size of the database. Since no genome has been 1005 finished, TraceSearch users can find holes in the genome and cross-species search may play aiso a role in comparative genomics.”™

The system Is distributed over 30 dual-CPU IBM L520 blades; the central server runs on a 4-CPU HP DL385; all machines run Linux 2.6.13 and are connected with gigabit ethernet. The hashtable files
are stored in a redundant fashion on the local disks of the blades.

"We and other organizations around the worid are g tir T ts of. data ard those volumes are iikely to grow with new sequencing technologies,” sald Martin Widlake, Head of database services
atthe Institute. "Our own researchers and others that use aur databases wanted @ means to search more rapidly and across all species. That is what we have delivered.”

Finding sequences among the world's DNA information has been difficult, awkward and time-consuming, TraceSearch transforms that iImportant task, giving live, accurate and useful information in real
time.
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Trace Search
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e/ Ensembl Trace Server

Trace Search

Home page
View trace statistics

FASTA Query Sequence(s)

paste a sequence below:
Download traces (FTF)

ST i <ceve] hew searh

-
L ]
= Search trace sequences
L ]
| |

FAQ

= NCBI trace archive

or upload a file I

SEED B o

species I any

centre | apy ‘ﬂ
type any =
seeds I 5

show alignments [

search

output I ssaha2 7|
Sy I score 7|
depth [so

L

Adam Spargo

aws@sanger.ac.uk
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Trace Search )

..! ﬁ‘ @hrtp:,‘,.il.race.ensemb!.org;‘cgi—btnftracesearch?id:i?l'ﬁ i

Findtrace.l
e.’Ensembl Trace Server eqg. ml1B-a1798c0501c, GTHZP1DO3E*
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Trace Search e et 733

* Home: page - Search Status
= View trace statistics

= Search trace sequences

Status  DONE Position in Queue 0
= (E1E}) Options  -depth=50 -seeds=>5 -output=ssahaZ  Pending jobs a
= FAQ -SOrt=score Running jobs 0
Submitted 6th Apr 2006 1147 Avg. throughput (jobs/sec) 0.00
Started Gth Apr 2006 1147 Wallclock queued wait time 00:00:00
Links Ended  6th Apr 2006 1147 Wallclock execution time  00:00:09
Wallclock total time 00:00:08
= Ensembi
= NCBI trace archive
+ Query Sequence(s)
- Search Results

Matches For Query 0 (613 bases): mllB-all42a0l.glcz

Score 0 _Name 5_Name Q Start Q_End B _Start §_End Direction #Bases identity

604 mllB-all4?a0l.glez mllB-all42a0l.olez R 613 1 613 F 613 99.51 613

492 mllB-alld2all.gloz mllB-alldZa0l.gle 1 583 2 5g3  F 583 95.20 E13

477 mllB-all42all.glcz GLOPE7BIESROL.TO 41 586 133 680 F 546 96.15 613

477 mllB-all4Zall.glez .b 41 586 201 748 P 546 96.15 £13

477 mllB-all4ZaOl.glez 011RF6.TO 41 586 697 150 € 546 96.15 613

477 mllB-all42all.glez ). gl 41 586 82 €29 F 546 96.15 €13

474 mllB-all4ZaOl.glez 088236 41 586 110 657 B 546 95.97 613

470 mllB-all42all.glez 010RCA.TO 41 5B6 200 747 P 546 95.60 613

467 mllB-allé2a0l.glcz EQ0BRAY. TO 41 586 698 153 € 546 95.79 613

462 mllB-all42all.glez 182006 41 536 T4L 194 ¢ 546 95.42 613

459  mllB-all4¢2all.glez 2a03.bl 41 586 680 136 ¢ 546 95.42 613

451 mllB-all4Zall.glez 2513BRAB.TO a1 508 250 718 F 468 99,15 613

449  mllB-all4ZaOl.glez 4PEO0JRELL.TO 41 586 1138 588 C 546 94.51 613

448 mllB-all42a0l.glecz krv03hlZ.g 41 558 250 767 P 518 95,95 €13

443 mllB-all4ZaOl.glcz mee3d371-B2Eb06.alc 58 586 72 600 F 529 94.90 613

441 mllB-all42all.glcz L2SE24DEC0TRCYE.TO 41 5E6 249 ez € 546 94.14 613

425 mllB-allé2a0l.qlcz L25B24P600ZRP4.TO 41 525 240 725 F 485 96.08 613

422 mllB-all42a0l.glcz indB6cDl.b 41 586 113 660 F 546 92.67 €13

418 mllB-all42a0l.glcz 19866846418296 101 586 1 487 F 486 95.88 613

380 mllB-all42all.glecz oizl0a0B.al 41 437 188 31 ¢ 397 99.50 €13

381 mllB-alld4Zall.glcz L258B24P6004RB1O.TO 41 438 431 iz ¢ 398 98.74 613

381 mllB-all42a0l.glcz ClOPE4ZBEERHL.TO 142 SEE 753 307 € 445 95,73 613

376 mllB-all4ZaOl.glcz L25B24PG003RBL0.TO 41 431 423 39 ¢ 391 98.98 613

1372 mllB-all42all.qlcz £3207@02.b. 151 586 47 483 F 436 95.64 613 -

372 mllB-all42a0l.glcz itm&2h09.g 125 586 1025 565 C 462 93.94 613 i

370 mllB-all42a0l.glecz 0i=z19d13. 41 532 146 927 P 492 93.50 €13 &

369 mllB-alldZall.qlcz GlOPETOZZEFE4.TO 41 426 336 722 P 386 98.45 613 b
.
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Ralalal Trace Server
' !le_ I\SJJ ﬁ '@ http:/ /trace.ensembl.org/perl/traceview?sanger_ti=1 Y] @ "" N °"
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Find trace I
Ensembl T S
e! race erver eg mliB-81728:05a1c, CTMZP1D03E*
Trace Server Trace Information: mi1B-a1142a01 qlcz
= Home page Center name: sC
= View trace statistics Chemistry type: t
= Search trace sequences Clip quality left: 31
* Download traces (FTP) Clip quality right: 478
Clip vector left: 41
Insert size: 2300
Links Plate id- ml1B-al142
Program id: phred-0.980904.b
= Ensembl Seq libid: 30157
= NCBI trace archive Source type: G
Species code:  Mus musculus
Strain: C57BL/6J
BYsangerfl eup
Submission type: update
Template id: ml1B-a1142a01
Trace end: R
Trace formar SCF
Trace name: ml1B-a1142a01.qlcz
Trace type code: WG5S
Well id: a0l
Electropherogram
|2 Show trace electropherogram (requires javs)
FASTA Sequence
Unclipped FASTA sequence (Forward Orientation)
#mll¥-nl142201 . qlez
N
CICTCICATTGTT Y
v
Done /ﬁ
K
b\
)
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Matches For Query 0 (613

bases): mllB-all4Zall.glez

Score 0_Name

04 mllB-all4dall.glcz

492 mllB-all4Zadl.gloz

477 mllB-alld4Zall.glce
477 mllB-all42all.glcz
477 mllB-all4Zall.glez
477 mllB-all4Zall.glcz
474 mllB-all4Zall.glcz
470 mllB-all42all.glcz
467 mllB-alldZa0l.glcz
462 mllB-all4Zall.glce
459 mllB-all4Zall.glcz

451 mllB-all42all.glez C

449 mllB-all4Za0l.glez
448 mllE-all4Za0l.glce
443 mllB-all42all.glcz
441 mllB-all4Zadl.glez
425 mllB-all4Zall.glcz
422 mllB-alld4Zall.glce
418 mllB-alld42all.glce
390 mllB-all4Zadl.glecz
38l mllE-all42all.glcz
gl mllB-all4Zall.glcz
376 mllB-alld4Zall.glce
72 mllB-all42a0l.glez
372 mllB-all4Zall.glcz
370 mllB-all42all.glcz
369  mllB-alld4Za0l.glez
169 mllB-all4Za0l.glcz
368 mllB-alld4Zall.glcz
353 mllB-all4Zall.glce
351 mllB-alldZall.glcz
350 mllB-all42all.glcz
346 mllB-all4Zall.glcz
339 mllB-all4Zall.glce
331 mllB-alld4Za0l.glecz
324 mllB-all4Za0l.glcz
314 mllB-all42all.glcz
313 mllB-all4Zall.glcz
295 mllB-alld42all.glecz
249 mllE-all42all.glcz
236 mllB-all4Zall.glcz
233 mllB-alldZall.glcz
228 mllB-all4Zall.glcz
207 mllB-all4Zall.glcz

183  mllB-all42all.glce I

153  mllB-all4Zadl.glcz
108 mllB-all4Zall.glcz
98 mllB-all42a0l.glcz

94 mllB-all4Zall.glcz
72 mllB-alld42all.glce
64 mllB-all4Zall.glce
51 mllB-all42all.glcz
46 mllB-all4Zall.glez
33 mllB-all4Zall.glcz

5_Name 0 _Start 0_End
mllB-alldlall.glecz 1 613
mlliB-allddall.gle 1 583
Gl0P678365RD1.TO &1 586
oi al2.b: 41 586 201
L2 4D6011RFE.T0 41 586
3 | 4l 586
E X 6084236 4T 586
L E010RCY.TO 41 586
I GOBRAS.TO 41 586
182006 41 586
Imo12a03.b1 a1 586
10P625128RAB . T0 41 508
L25824P6007RG11.T0 41 586
krv03hl2.gl 4l 558 250
mse39371-828b06.gla 58 586
L35B24P600TRGD.TO 41 586
L25B24P65002RF4.T0 41 525
SndB6o0l.bl a1 586 113
198668 14296 101
ojzllalbl.g 41 43 48
L25824P6004RB10.T0O 41
C10P642686RH4.T0 142
LISe24PE003RB10.T0 41 431
0jz07g02.b 151 586 a7
Jtm42h09.g 125 586 1025
0iz19d12.b 41 532 446
Cl0PETO2II6FE4L . T0 41 426
L25824P6003RGE6.TO 41 419
o o08.b: 143 586 a7
L 004RBE.TO 41 400
L. T4FEFD.TO lo0 1:13
5 BOFE11.T0 173 586
L O03RBE.T0 41 383
L. 00GFG5.T0 41 396
L, O000FD2 .70 41 396
L. Q04RGE.TO 41 425
ajz bl 211 586 47
19B66857420890 205 585
LI5824P600SRB8B. TO 41 398
0jz22f11.b1 272 586 702
mee33374-38Bgll.glc 41 286
] (] 7
3
866838986547 218 aze
wzs08h03 t47ed43d.bl 221 326
19866822243206 215 304
wzelBh03 td47e43.bl 314 363
19866838986547 314 3ss

5_Start S_End Direction #Bases identity
1 613 P 613 99.51 613
2 589 4 583 95.20 613
133 (1:1 P 546 96.15 613
B 546 96.15 613
697 150 e 546 96.15 613

629 o 546 96.15 613
: 7

110 657 546 95.97 613
200 747 F 546 05.60 §13
598 153 ¢ 546 95.79 £13

744 194 ¢ 546 95.42 613

136 ¢ 546 95.42 613
0 18 P 466 99.15 6§13
113 588 c 546 94.51 613
767 F 518 95.95 613
72 600 ® 520 94.90 613
g49 02 © 546 94.14 613
240 725 F 485 96.08 613
660 ¥ 546 92.67 613
487 ¥ 486 95.88 €13
31 ¢ 397 99.50 613
431 32 ¢ 398 98.74 613
752 REE 445 95.73 613
429 1 ¢ 391 98.98 613
483 ) 3 436 95.64 613
565 C 462 93.94 613
927 ® 492 93.50 613
336 LT 386 9B.45 613
418 3T £ 379 99.21 613
481 F 444 94.82 613
392 3% G 160 99.44 613
750 264 € 487 91.58 6§13
121 307 ¢ 414 95.17 613
392 38 ¢ 353 99.43 613
386 23 ¢ 356 0B.60 §13
717 1073 ® 356 97.75 613
420 3% 385 95.06 613
423 ® 376 94.95 613
1 LS I 382 94.50 €13
403 44 356 94.66 613

!
315 93.02 613
P 246 99.19 613

31¢ 92.58 613
g c 238 99.16 613
277 92,06 613

201 98.01 613

162 98.77 613

142 92.25 613

143 90.21 613

145 88.97 613

109 89.91 613

218 325 F 106 B7.74 613
493 404 c 90 B86.67 613

547 596 P 50 98.00 613
278 322 P 45 91.11 613

R RN

Download the traces in either scf of fasta format by clicking on cne of the buttons below.
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Validation:

[1 Verification of sequence origin.
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Validation:
[1 Verification of sequence origin.

[1 Confirmation of putative novel sequence.
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Validation:
[1 Verification of sequence origin.
[1 Confirmation of putative novel sequence.

[] Contamination screening.
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Validation:

[1 Verification of sequence origin.

[1 Confirmation of putative novel sequence.
[] Contamination screening.

[1 Improving both correctness and length of assembly.
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Finishing:
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Finishing:

[] Find missing parts in the draft genome assemblies.
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Finishing:
[] Find missing parts in the draft genome assemblies.

[1 Closing difficult gaps using reads from other centres.

kY sanger

institute

Adam Spargo aws@sanger.ac.uk



Add depth:
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Add depth:

[l Reads from other centres/species.
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Add depth:
[l Reads from other centres/species.

[1 Localized comparative genomics.
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Add depth:
[l Reads from other centres/species.
[1 Localized comparative genomics.

[1 Added confidence to SNPs and indels.
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Add depth:

[l Reads from other centres/species.

[1 Localized comparative genomics.

[1 Added confidence to SNPs and indels.

[1 Crude estimate of allele-frequency.
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Add width:
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Add width:

[1 Extend the sequence in both directions
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Add width:
[1 Extend the sequence in both directions

[1 e.g. Build-up an entire exon starting from an EST
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Add width:
[1 Extend the sequence in both directions
[1 e.g. Build-up an entire exon starting from an EST

[1 Local consensus around any given feature
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Add width:

[1 Extend the sequence in both directions

[1 e.g. Build-up an entire exon starting from an EST
[1 Local consensus around any given feature

[1 Recovery of novel sequence.
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Add width:

[]
[]

[]
[]
[]

Extend the sequence in both directions

e.g. Build-up an entire exon starting from an EST
Local consensus around any given feature
Recovery of novel sequence.

Checking computationally derived structural variations.

Adam Spargo aws@sanger.ac.uk
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Any more? - please email aws@sanger.ac.uk.
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Users (web interface).
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http://www.sanger.ac.uk/Software/analysis/SSAHA2/
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